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We investigate nuclear magnetic resonance (NMR) in near-zero-field, where the Zeeman interac-
tion can be treated as a perturbation to the electron mediated scalar interaction (J-coupling). This
is in stark contrast to the high field case, where heteronuclear J-couplings are normally treated as
a small perturbation. We show that the presence of very small magnetic fields results in splitting
of the zero-field NMR lines, imparting considerable additional information to the pure zero-field
spectra. Experimental results are in good agreement with first-order perturbation theory and with
full numerical simulation when perturbation theory breaks down. We present simple rules for un-
derstanding the splitting patterns in near-zero-field NMR, which can be applied to molecules with
non-trivial spectra.
PACS numbers: 82.56.Fk, 33.25.+k, 71.70.Ej, 33.57.+c
Nuclear magnetic resonance experiments are typically
performed in high magnetic fields, on the order of 10
T in order to maximize chemical shifts and to achieve
high nuclear spin polarization and efficient detection via
inductive pickup. The advent of various pre- or hyper-
polarization schemes, and alternative methods of detec-
tion based on superconducting quantum interference de-
vices (SQUIDs) [1] or atomic [2, 3] magnetometers has
enabled NMR experiments in very low (≈earth’s field)
and even zero magnetic field, generating significant ex-
perimental [4–16] and theoretical interest [12, 17, 18].
Low-field NMR carries the advantage of providing high
absolute field homogeneity, yielding narrow resonance
lines and accurate determination of coupling parame-
ters [9, 14]. Further, elimination of cryogenically cooled
superconducting magnets facilitates the development of
portable devices for chemical analysis and imaging. In
this regard, atomic magnetometers are an ideal tool be-
cause, in contrast to SQUIDs, they do not require cryo-
genic cooling. Recent work using atomic magnetometers
to detect NMR was performed at zero field, in part, be-
cause of the need to match the resonance frequencies of
the nuclear spins and the magnetometer’s alkali spins,
which have very different gyromagnetic ratios [14, 16]. It
has been pointed out that zero-field NMR leaves some
ambiguity in determination of chemical groups, and that
this ambiguity can be removed by application of small
magnetic fields [17].
Here, we examine, experimentally and theoretically,
the effects of small magnetic fields in near-zero-field
∗Electronic address: ledbetter@berkeley.edu
(NZF) NMR. We show that application of weak mag-
netic fields results in splitting of the zero-field (ZF) lines,
restoring information about gyromagnetic ratios that is
lost in ZF NMR. In the regime where the Zeeman ef-
fect can be treated as a perturbation, we observe high-
resolution spectra with easy-to-understand splitting pat-
terns that are in good qualitative and quantitative agree-
ment with first-order perturbation theory. This work rep-
resents the first observation of NMR under such condi-
tions, forming the basis for a new type of NMR spec-
troscopy that serves as a complement to high-field NMR,
where heteronuclear couplings are almost always treated
as a small perturbation to the much larger Zeeman inter-
action. We also examine the case in which the Zeeman
energies are comparable to the J-coupling energies, re-
sulting in spectra of maximal complexity.
The Hamiltonian in the presence of J-couplings and a
magnetic field is
H = h¯
∑
j;k>j
JjkIj · Ik − h¯
∑
j
γjIj ·B. (1)
Here Ij represent both like and unlike spins with gy-
romagnetic ratio γj and Jjk is the scalar coupling be-
tween spins j and k. In the absence of magnetic fields,
the spherical symmetry of the Hamiltonian dictates that
eigenstates |φa〉 are also eigenstates of f2 and fz, where
f is the total angular momentum f =
∑
j Ij , with energy
Ea, and degeneracy 2f + 1. Application of a magnetic
field Bz lifts this degeneracy, splitting the ZF NMR lines.
We first examine the effects of very small magnetic
fields on a 13CHN system, with N equivalent protons,
using perturbation theory. In zero field, the unperturbed
energy levels are given by E(f, k) = J/2[f(f +1)−k(k+
1)− s(s+ 1)], [14] where k = 1/2, 1, 3/2... are the possi-
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2ble spin quantum numbers of the operator k describing
the sum of the equivalent proton spins, and s = 1/2 is
the spin quantum number associated with the operator
s, representing the 13C spin. To first order in Bz, eigen-
states are those of the unperturbed Hamiltonian, and
Zeeman shifts of the eigenvalues can be read from the di-
agonal matrix elements of the Zeeman perturbation. One
finds:
∆E(f, k,mf ) = −〈fmf |Bz(γhkz + γcsz)|fmf 〉
= −Bz
∑
mk,ms
〈ksmkms|fmf 〉2(γhmk + γsms). (2)
Here γh and γc are the proton and
13C gyromagnetic
ratios, and 〈ksmkms|fm〉 are the Clebsch-Gordan coef-
ficients. The observable in our experiment is the total
x magnetization, Mx(t) ∝ Trρ(t)
∑
j Ijxγj , where ρ(t) is
the time dependent density matrix. Writing Ijx in terms
of the raising and lowering operators, we obtain selec-
tion rules for observable coherences: ∆f = 0,±1 and
∆mf = ±1, valid in the limit where |γjB| << |J |. In
the case at hand with N equivalent protons, there is an
additional selection rule, ∆k = 0, since, in the absence
of chemical shifts, the Hamiltonian commutes with k2.
Experimentally, we examine the case of N = 1 and
N = 3. In the former case, k = 1/2, the zero-field levels
are a singlet with f = 0 and a triplet with f = 1. In
the presence of a small magnetic field, the singlet level is
unperturbed, while the triplet levels split, as shown by
the manifolds on the left of Fig. 1(a). In the following,
ν
f ′,m′f
f,mf
denotes the frequency of transitions between the
states |f,mf 〉 and |f ′,m′f 〉. Employing Eq. (2) and the
selection rules, one finds a single line for transitions with
∆f = 0 between states with f = 1, and a doublet for
transitions with ∆f = ±1 between states with f = 1 and
f = 0:
ν
1,mf±1
1,mf
= Bz(γh + γc)/2, (3)
ν1,±10,0 = J ±Bz(γh + γc)/2. (4)
For the case of N = 3, k is either 1/2 or 3/2. The
k = 1/2 transition frequencies are given by Eq. (4). The
k = 3/2 manifolds are shown on the right of Fig. 1(a),
and coherences between |f = 1,mf 〉 and |f = 2,mf ± 1〉
occur at frequencies given by
ν
2,mf±1
1,mf
= 2J+mf
Bz
4
(−7γh+6γc)± Bz
4
(3γh+γc). (5)
There are two additional transitions for states with k =
3/2 with ∆f = 0 that occur near zero frequency,
ν
2,mf±1
2,mf
= (3γh + γc)Bz/4; k = 3/2, (6)
ν
1,mf±1
1,mf
= (5γh − γc)Bz/4; k = 3/2. (7)
Equations. (3)-(7) constitute a set of eleven transitions,
three appearing near zero frequency, two near J , and six
f = 1
f = 2
f = 0
f = 1
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FIG. 1: (color online) (a) Energy levels for a 13CH3 group.
Energy levels for a 13CH group are given by the manifold
on the left. (b) Experimental setup for near-zero-field spec-
troscopy, described in the text.
near 2J , representing the NZF NMR spectrum of a 13CH3
group. These calculations are discussed in more depth in
the Supplementary Information, and in Ref. [17].
We now make two observations: (1) Even in more com-
plex molecules with additional non-equivalent spins, the
zero-field eigenstates are also those of f2 and fz. There-
fore, the NZF splitting patterns can be used to identify
the angular momenta of the states involved in the zero-
field transitions: Transitions between levels with f = 0
and 1 will produce doublets, transitions between levels
with f = 1 and 2 will produce a multiplet with six lines,
and so on. (2) The selection rules presented here break
down as the magnetic field becomes large enough to pro-
duce significant mixing of the zero-field eigenstates. Ref-
erence [17] shows theoretically that the maximum num-
ber of lines for a 13CHN group is (N + 1)
2, most clearly
visible when |(γh + γc)Bz| ≈ J .
Experiments were performed using an apparatus sim-
ilar to that of Refs. [14, 16] and depicted in Fig. 1.
Samples (typically ≈ 200 µL) were contained in a 5 mm
NMR tube, and pneumatically shuttled between a 1.8
T prepolarizing magnet and a magnetically shielded en-
closure, housing a microfabricated 87Rb vapor cell, the
central component of the atomic magnetometer. The
cell is optically pumped by z-directed, circularly polar-
ized laser light, tuned to the center of the D1 transition,
and probed by y-directed, linearly polarized light, tuned
about 100 GHz to the blue of the D1 transition. Optical
rotation of the probe light is monitored by a balanced
polarimeter. Bias fields and DC pulses of magnetic field,
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FIG. 2: Spectra for 13C labeled formic acid, H13COOH, in
the indicated magnetic fields. The spectra are the result of
averaging eight transients. The inset shows the splitting of the
two lines centered about J as a function of magnetic field.
used to excite NMR spin coherences, are applied via a
set of coils. At zero field, the magnetometer is primarily
sensitive to fields in the x direction with noise floor of
about 40 − 50 fT/√Hz. As the bias field is increased,
the magnetometer response moves to higher frequencies,
compromising the low-frequency sensitivity by about a
factor of 5 for Bz = 3 mG. To maintain a quantization
axis during transit of the sample, a solenoid provides a
“guiding” field. The guiding field is turned off suddenly
prior to acquisition of data, and a pulse applied in the
z-direction with area such that the proton spins rotate
through ≈ 4pi and the carbon spins rotate through ≈ pi
(about 480 µs), maximizing the amplitude of zero-field
signals.
ZF and NZF spectra for formic acid (H13COOH) are
shown in Fig. 2. The ZF spectrum consists of a sin-
gle line at J = 222 Hz, as well as a DC component,
suppressed here for clarity. The NZF spectrum arising
from the 13CH group is as discussed above: a doublet
with frequencies J ± Bz(γh + γc)/2 and an additional
line at Bz(γh + γc)/2 ≈ 4.7 Hz. The large peak at 7.5
Hz corresponds to the uncoupled OH group. The asym-
metry in the doublet centered about J , reproduced by a
full numerical calculation, is due to higher-order correc-
tions to the eigenstates. The peaks are well described by
Lorentzians, with half-width at half-maximum ≈ 0.1 Hz,
and the locations of the peaks can be determined with
an uncertainty of about 1 mHz. The inset shows the
splitting of the line at J as a function of magnetic field,
displaying a linear dependence. The slope is in agree-
ment with that predicted by Eq. (4), (γh + γc), at the
level of about 0.1%.
To illustrate the case of a 13CH3 system, ZF and NZF
spectra for acetonitrile-2 (13CH3CN) are shown in Fig 3.
For Bz = 0, the spectrum consists of a zero-frequency
peak, a peak at J , and a peak at 2J . Application of a
magnetic field splits the zero-frequency peak into three
lines, whose frequencies are given by Eqs. (3),(6), and
(7). The smallest peak at 11.2 Hz corresponds to an
Bz = 2.64 mG
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FIG. 3: Spectra for singly labeled acetonitrile-2, 13CH3CN in
zero-field and in a field of 2.64 mG. The positions of all peaks
are well described by Eqs. (3)-(7).
uncoupled proton due to an unknown solvent in the sam-
ple. The line at J splits into a doublet, whose frequen-
cies are given by Eq. (4), and the line at 2J splits into
six lines, whose frequencies are given by Eq. (5). The
splitting of the lines at J and 2J clearly reveals the de-
generacy of the zero-field levels. As with the formic acid
spectrum, there is some asymmetry present in the mul-
tiplets centered about J and 2J , which is reproduced by
numerical simulation. Nevertheless, the relative ampli-
tudes of the lines centered about 2J are roughly in the
ratio 1:3:6:6:3:1 as expected from first-order perturbation
theory (see Supplementary Information).
To illustrate the utility of NZF NMR, we examine the
case of fully labeled acetonitrile (13CH3
13C15N). The
zero field spectrum is shown in the bottom trace of Fig.
4. It is not immediately clear which lines correspond to
which zero-field transitions. An expanded view of the
zero-field spectrum in the range of 110 to 180 Hz is pro-
vided and compared to the spectrum obtained in the in-
dicated finite magnetic fields. We see the appearance
of doublets centered at 114, 126, and 151 Hz, indicat-
ing that these transitions occur between manifolds with
f = 0 and f = 1. It is interesting to note that these
doublets display different splittings due to differences in
the Lande´ g factors for the different manifolds involved
in these transitions. The line at 131 Hz splits first into a
doublet, which split into a pair of doublets. One can show
that such a splitting pattern arises for a f = 1 ↔ f = 1
(see Supplementary Information). The small zero-field
peak at 168 Hz splits into four lines, barely above the
noise, indicating an additional f = 1 ↔ f = 1 transi-
tions. Finally, the zero-field peak at 155.5 Hz splits into
a sextet indicating the transition is f = 1↔ f = 2. The
six lines in this multiplet appear “inside-out” compared
to the six line multiplet observed at 2J in 2-acetonitrile
due to a reversal in relative magnitude of the Lande´ g
factor.
The multiplicity of the peaks in this part of the spec-
trum can be understood as follows: Suppose we start
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FIG. 4: Effects of small magnetic fields on fully labeled ace-
tonitrile 13CH133 C
15N. The bottom trace shows the entire
zero-field spectrum. The upper traces show an expanded view
of the central part of the zero-field spectrum, as well as the
spectra in the indicated finite fields.
with a 13CH3 group, and confine our attention to the
1 ↔ 0 transition with total proton spin = 1/2, yield-
ing transitions in the neighborhood of 1JCH. Addition of
the second 13C splits these levels: f = 1 splits to 3/2,
1/2 manifolds, and f = 0 manifolds splits to 1/2. Ad-
dition of the 15N splits these so we now have fa = 2 or
1, fb = 1 or 0, and fc = 1 or 0. For now, we ignore
transitions between fa ↔ fb because they occur at low
frequency. Employing the ∆f = 1 rule we expect three
1↔ 0 transitions, producing doublets: fa = 1↔ fc = 0,
fb = 1 ↔ fc = 0, and fb = 0 ↔ fc = 1. Transitions be-
tween fa = 2 ↔ fc = 1 yields a multiplet with six lines,
and transitions with ∆f = 0 between fa = 1 ↔ fc = 1
and between fb = 1 ↔ fc = 1 yield multiplets with four
lines. More details are presented in the Supplementary
Information.
In systems with small couplings, such as 1-acetic acid
(CH3
13COOH) which has a two-bond coupling, 2JCH =
6.8 Hz, it is possible to explore the regime in which the
Zeeman interaction is comparable to the J-coupling. Fig-
ure 5 shows experimental spectra for 1-acetic acid for the
indicated magnetic fields. The large peak that does not
split is due to the uncoupled OH group, while the rest
of the spectrum corresponds to the CH3
13C part of the
molecule. Initially, the spectrum appears similar to the
2-acetonitrile spectrum, with a doublet at J , and an ad-
ditional doublet at 2J composed of several unresolved
lines. As the magnetic field is increased, additional lines
in the multiplet at 2J become resolved. At the highest
magnetic fields, the spectrum displays the highest com-
plexity, and is no longer recognizable from the perturba-
tive treatment presented above. The smooth trace at the
top of the plot shows the log of the absorptive component
of a high resolution numerical simulation, reproducing all
features of the data, to the extent that lines are resolved.
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FIG. 5: Experimental spectra for 1-acetic acid,
(CH3
13COOH) in the indicated magnetic fields. The
smooth curve at the top of the plot presents the result of a
full numerical simulation with high resolution.
Careful examination reveals 17 lines, 1 for the OH group
and (N+1)2 = 16 lines, as theoretically predicted in Ref.
[17].
In conclusion, we have investigated near-zero-field nu-
clear magnetic resonance, where the effects of mag-
netic fields can be treated as a perturbation to the
scalar J-couplings. This work represents a new form of
NMR spectroscopy, complementary to high-field NMR,
in which heteronuclear scalar couplings are almost always
treated as a small perturbation to the dominant Zeeman
interaction. We find that the presence of small fields
produces splitting of zero-field lines. The splitting pat-
terns have easy-to-understand rules and data are in ex-
cellent agreement with the predictions of first-order per-
turbation theory. It is interesting to note that the phe-
nomenology observed here is similar to that of atomic
spectroscopy of multi-electron atoms, and intuition de-
veloped in the latter field may be applied to interpreta-
tion of NZF NMR spectra. We have also investigated
the case where Zeeman and J-couplings are comparable,
resulting in signals with much higher complexity, poten-
tially useful for NMR quantum computing [17].
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